ABSTRACT We demonstrate the fabrication of BiOCl/Bi 2 S 3 which is well defined at a large scale. The BiOCl/Bi 2 S 3 heterostructures exhibit an enhanced photo-catalytic degradation of methyl orange (MO) compared to BiOCl and Bi 2 S 3 , attributed to the interface between Bi 2 S 3 and BiOCl, which effectively separate the photo-induced electron-hole pairs and suppress their recombination.
INTRODUCTION
A well-defined shapes at a large scale along with the alignment of nanobuilding blocks into well-ordered structures have been a key issue in modern colloid, material chemistry. The shape-and structure-dependent effects could develop, widespread and versatile potential applications. So, the morphological and structural tailoring of nano-/micro-crystals has emerged as an challenge [1] [2] [3] . Recently, hollow nanostructures, core-shell nanostructures and hetero-structures as a kind of new nano-/micro-structures have received an intense attention because of their improved physical and chemical properties over their single components [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
In recent years, many attentions have been paid toward the general approach for preparing unusual and complex structures for versatile applications through the sacrificial templates including hard and soft templates [16] [17] [18] . However, the atypical architectures fabricated from hard template and through two-step synthetic strategies mostly suffering from their high cost and tedious synthetic procedures [19] [20] [21] [22] [23] [24] [25] . So it is highly desirable to develop one-pot synthesis of novel inorganic materials without templates and to explore their multifunction.
Moreover, for solar energy conversion, environmental purification and photo-catalytic technology, TiO 2 , because of its excellent photocatalytic activities, low cost, chemical stability and environmental friendliness, has been promising semi-conductor photo-catalyst. But less utilization of solar energy on TiO 2 limits its extensive applications [26, 27] . The exploitation of efficiently visible-light-driven photo-catalysts is essential and urgent for the practical application of photocatalytic technology. Two major approaches have been employed to extend the light absorption of semi-conductor photocatalysts to visible spectral region. The first one is the modification of TiO 2 through metals or non-metal doping and semiconductor coupling [28, 29] . The second strategy is to exploit novel non-TiO 2 -based semiconductor photocatalysts displaying strong visible light response. Among non-TiO 2 -based semiconductors, emerging candidates to the exploit novel of photocatalyst in the visible region include Bi 2 WO 6 [30] , BiOCl, BiOBr [31] [32] [33] , InNbO 4 [34] and BiVO 4 [35] . However, these strategies are expected to satisfy the large-scale application under visible light irradiation. Hence, the visible light activated photo-catalysts with high efficiency need to be fully investigated.
Recently, as a new type of non-TiO 2 -based semiconductor photocatalyst with layered structure, high activity and high photocorrosion endurance, bismuth-based nanostructures have great attention for highly active photocatalysts under UV and visible light illumination [36] . Among all of these photo-catalysts, BiOCl, composed of [Bi 2 O 2 ] 2+ layers interleaved with Cl double layers, has been reported to be an important photocatalyst for degradation of various organic compounds under UV light illumination [37] . However, its photocatalytic activity has also been limited by its wide band gap and high recombination of photo-generated electron-hole pairs.
Chang et al. [38] coupled BiOCl with a narrow band gap material, NaBiO 3 . Moreover, BiOCl nanoparticles were dispersed uniformly on the both surfaces of graphene sheets to form a sandwich-like structure. The graphene/ BiOCl nanocomposite increased the separation efficiency of electron-hole pairs and enhanced photo-degradation of methylbenzene under irradiation [39] . Very recently, BiOCl/Bi 2 S 3 hetero-structures have been fabricated through ion exchange strategies and a degradation of methyl orange, RhB and 2,4-dichlorophenol (2,4-DCP) has been carried out under the visible light irradiation. In all of these two-step synthetic approaches, BiOCl has been produced firstly and transformed to the BiOCl/Bi 2 S 3 composite by ion exchange in the presence of a suitable sulfur source [40, 41] . Herein, we report one-pot, surfactant free, large scale and controlled synthesis of uniform and novel architectures of BiOCl/Bi 2 S 3 hetero-structures through a facile solvothermal method. The hetero-structures exhibit significantly enhanced photo-catalytic activity compared with pure BiOCl, Bi 2 S 3 and commercially available TiO 2 powder in the photo-degradation of MO aqueous solutions. A "bottom-up" assembly has been developed to synthesize well-defined architectures at a large scale.
EXPERIMENTAL SECTION
All chemical reagents used in this experiment were of analytical grade and have been used without further purification. The BiOCl, Bi 2 S 3 and BiOCl/Bi 2 S 3 heterostructures were prepared by solvothermal method. In a representative procedure, 1 mmol of BiCl 3 was dissolved in 40 mL of ethanol and then 2 mmol of sulfur powder was added and stirred magnetically for 30 min to disperse all reagents homogeneously at room temperature. The resulting precursor suspension was transferred into a Teflon-lined stainless steel autoclave of 50 mL, maintained at 180°C for 8 h and subsequently cooled to room temperature. The product was collected after filtration, washed with distilled water, acetone and ethanol several times and dried at 80°C. In order to observe the growth mechanism, the same experiment was repeated at different temperatures, reaction durations, sulfur sources and solvents, while the precursor ratios and all other experimental conditions were unchanged.
The powder X-ray diffraction patterns (XRD) of the samples were recorded on Japan Rigaku D/max-rA equipped with graphite monochromatized high-intensity Cu-Kα radiation (λ=1.54178 Å). Chemical analysis was performed using energy dispersive X-ray spectrometry (EDS) by utilizing a JEOL JSM-6700F scanning electron microscope (SEM). X-ray photoelectron spectroscopy (XPS) valence spectra were acquired on an ESCALAB MKII X-ray photoelectron spectrometer with an excitation source of Mg Kα=1253.6 eV. The transmission electron microscopy (TEM) images were taken on the H-7650 (Hitachi, Japan) operated at an acceleration voltage of 100 kV. High resolution transmission electron microscopy (HRTEM) and the corresponding electron diffraction (ED) analyses were carried out by using a JEOL-2010 TEM at an acceleration voltage of 200 kV. Room-temperature UV-vis absorption spectroscopy was conducted on a Perkin Elmer Lambda 950 UV-vis-NIR spectrophotometer using an integrating sphere accessory. Photocatalytic activities of the samples were evaluated by the degradation of MO aqueous solution under visiblelight irradiation. A 300 W Xe lamp was used as the light source (λ>400 nm). In each experiment 20 mg of the photo-catalyst was added to the MO solution (200 mL, 25 mg L
−1
). Before illumination, the suspensions were stirred for 60 min in the dark in order to reach an adsorption-desorption equilibrium between the photo-catalysts and the organic dyes. All the experiments were conducted in air at room temperature. At given time intervals about 3 mL of the suspensions were removed with a medical injector and monitored using a UV-vis spectrometer after centrifugation to remove the photocatalyst particles.
Detection of hydroxyl radicals (
• OH) was carried out using 20 mg of the catalyst with 50 mL of an aqueous solution of 3×10 −3 mol L −1 terephthalic acid (TA) and 10×10 −3 mol L −1 NaOH. This mixture was kept in the dark for 30 min under constant magnetic stirring before exposing to visible light irradiation (the same source was used for the visible light irradiation in the photocatalytic tests). 5 mL of the suspension was taken every 10 min and centrifuged before measuring the fluorescence. The photo-generated (Fig. 2a) shows that the hetero-structures are composed of Bi, O, Cl, and S elements. The additional C 1s peak can be ascribed to the adventitious hydrocarbon.
RESULTS AND DISCUSSION
A SEM image of the BiOCl/Bi 2 S 3 hetero-structure (C3) is illustrated in Fig. 3a-c. From Fig. 3a , b, it can be observed that the structure is produced at large scale and the micro-architectures are uniform in shape and size without agglomeration. From Fig. 3c , the hetero-structures like electronic chips (ECs) consist of a uniform micro plate at the center and rods like prongs stretching out from all edges of the plate. The surface of plate is smooth and have the edge length approximately 20 µm and the rod length within 15 µm. More detailed insights into the microstructure of the sample C3 are given by TEM, HRTEM and SAED investigations. Fig. 4 displays the UV-vis absorption spectra of all the as-prepared samples. The white BiOCl only exhibits UV light response with an absorption edge around 380 nm, while the black Bi 2 S 3 shows an intense absorption from the visible range to the infrared region. It is evident that the BiOCl/Bi 2 S 3 hetero-structure composites show tunable visible light absorption in a large range.
With increasing Bi 2 S 3 content, the absorption edge of BiOCl/Bi 2 S 3 had a significant red shift compared to BiOCl. Based on the absorption spectra, the band gap energy (E g ) of the samples can be determined by the formula [42] :
where α, υ, E g and A are absorption coefficient, light frequency, band gap energy and a constant, respectively. Among them, n is determined by the type of optical transition of a semiconductor (n=1 for direct transition and n=4 for indirect transition). For BiOCl and Bi 2 S 3 , the values of n are 4 and 1, respectively [41] . Thus, the E g estimated from the intercept of the tangents to the plot of (αhυ) 1/2 versus hυ was 3.20 eV for BiOCl while the E g from the plot of (αhυ) 2 versus hυ was 1.46 eV for Bi 2 S 3 and 1.68, 2.0, 2.31, 2.81, 3.05 for C1, C2, C3, C4, C5 hetero-structure composites, respectively (Figs. S4, S5) .
The photo-catalytic activities of the as-prepared heterostructures composites were investigated by the degradation of MO dye aqueous solution under visible light irradiation (λ>400 nm). Fig. 5d shows the change of absorption spectra of MO solution exposed to visible light as a function of time in C3. With the increasing irradiation time, the peak intensity of MO at around 503 nm decreased gradually. But within the same time, the degradation capabilities of Bi 2 S 3 , BiOCl and even the TiO 2 commercially available powders were very low; as shown in Fig. 5a -c respectively. Under the same degradations, another hetero-structures (C1, C2, C4 and C5) have also been employed to degrade the MO dye (Fig. S6) . The degradation efficiency of all the photo-catalysts has been shown in Fig. 6a. Fig. 6b shows the variation of MO concentration (C 0 /C) with photo-degradation time over different photo-catalysts and Fig. 6c reveals that the rate constant k of all the BiOCl/Bi 2 S 3 hetero-structure composites (C1-C5) are higher than single BiOCl and Bi 2 S 3 , confirming the higher photocatalytic activity of BiOCl/ Bi 2 S 3 . Moreover, the as-synthesized C3 was recycled 6 times for the degradation of MO to ascertain their stability. The efficiency of C3 was 100% for the first time and for 2 nd , 3 rd , 4 th , 5 th and 6 th time, it has been evaluated to be 99.5%, 99%, 98.5%, 98% and 97%, respectively. So, just 3% decrease in the efficiency after the 6 th recycle describes a significant recycling capability of C3 with a slight reduction in catalytic activity (Fig. 6d) . Overall, it has observed that all BiOCl/Bi 2 S 3 heterostructures exhibit higher photocatalytic activity than single BiOCl and Bi 2 S 3 . The interface of the semi-conductor hetero-structures facilitates the separation of photo-induced carriers and then enhances the photo-catalytic activity.
Only three raw materials, bismuth chloride, sulfur powder and ethanol, were included in the reaction and these provide a simple surfactant free model system for investigating the reaction mechanism. In solvothermal treatment the ethanol solution acts not only as a common solvent, but also plays a key role as a reducing agent, as ethanol loses two electrons to form acetaldehyde, which is accompanied by the transfer of electrons to S to form H 2 S. In order to thoroughly understand the formation mechanism of the novel electronic chips like architectures of BiOCl/Bi 2 S 3 hetero-structure (C3) composite, the influence of the reaction temperature, reaction duration, different solvents and variety of sulfur sources on the formation of the novel hetero-structure was studied. Apart from being a reagent for the production of H 2 S, sulfur powder also acted as original nuclei to initiate the formation of Bi 2 S 3 [43] . The regular architectures could be formed only in sulfur powder and ethanol ( Figs S7, S8) . With an increase of temperature, the solubility of the S powder slightly increases and solid, tiny sulfur particles are melted and transformed into liquid droplets. We have investigated the effect of temperature on the morphology of the superstructures at different reaction temperatures (Fig. S9) . With an increase in the reaction temperature, especially temperatures that exceed 120°C (the melting point of sulfur), the architectures with a defined shapes emerged. This may be due to the heating process making uniform S sphere droplets and reactive H 2 S, simultaneously, which constructs the forthcoming structures, but beyond a certain temperature (180°C) the morphology was distorted. So, 180°C was found to be the most feasible temperature to synthesis the electronic chips like homogeneous architectures. We have monitored the growth process of the novel electronic chips like architectures at 180°C by stopping the reaction at different time intervals and observed the morphology by SEM (Fig. 7) . This showed a shape evolution as the reaction time increases; the corresponding XRD spectra are shown in Fig. S2 .
As shown in Fig. 7 and Fig. S10 , at the initial stage of the reaction as the reaction was processed under typical experimental conditions only for 4 h the square plate with prongs like rods (Fig. 7b) were observed. After 6 h, the prongs stretching from the plate also were doubled (Fig.  7c) . More increment in the reaction duration and preceding the reaction up to 8 h resulted in well-defined rods from all the four edges of the plate, as shown in Fig. 3 in the form of ECs (C3) were observed at large scale. The reaction duration up to 10 h caused the emergence of the rods with the increased length and size from all sides of ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   106 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Fig. 7d) . When the reaction was extended to 12 h (Fig. 7e) , the size of rods was much increased and the dimension of the plate was extremely decreased, even the plates were hard to find. Finally when the reaction was extended to 14 h, the plates completely disappeared (Fig. 7f) . XRD and EDS spectra confirmed the obtained rod bunches are single crystal Bi 2 S 3 . Under the same experimental procedure, as we observed, in the absence of sulfur powder, the product (Fig. 7a) only consist of plates and the corresponding XRD and EDS spectra confirmed the product to be the single crystal BiOCl.
On the basis of the above experimental results, it can be inferred that BiOCl plates are formed firstly from the hydrolysis of BiCl 3 due to the traces of water in the absolute ethanol (Equation (1)) [44] . The plate-like morphology comes from the layered structure of single crystal BiOCl, which is constructed by the combination of the metal oxygen Bi 2 O 2+ layer and double the chloride ion layers. The bonding within the layers is strong and primarily covalent, whereas the interaction between the layers is a van der Waals force. In addition, it has been reported that ethanol would reduce Sb 2 O 3 to Sb. It can be conjectured here that, most probably, BiOCl can be reduced to active Bi by ethanol at 180°C under the present conditions (Equation (2)). Thus the newly active Bi atoms can easily combine the S atoms to Bi 2 S 3 (Equation (3)) and the reaction process is described within these equations collectively, as follows [44] :
BiCl + H O BiOCl + HCl, 3 2 (1)
Bi+ S Bi S . 2 3 (3) So Bi 2 S 3 prongs are formed spontaneously on the surface of BiOCl plates. Since, Bi 2 S 3 has a much smaller solubility than BiOCl, the latter is unstable in this reaction. The preferential growth of Bi 2 S 3 into nanorods/microwires depends on its intrinsic nature. Bi 2 S 3 is a highly anisotropic semi-conductor with layered structure parallel to the growth direction [35] , so the composite BiOCl/ Bi 2 S 3 has the Bi 2 S 3 prongs and BiOCl plate with increasing reaction duration. The corresponding XRD pattern only shows the strong peaks of BiOCl in the absence of S powder, while sample C1 shows some peaks of Bi 2 S 3 . The composite BiOCl/Bi 2 S 3 is formed finally after the reaction duration of 14 h. The whole process has been schematically illustrated in Fig. 8 . The electronic chips like BiOCl/ Bi 2 S 3 hetero-structures through chemical BiOCl plates is formed through Kirkendall effect [45] . It has been proposed that the core-shell Bi 2 S 3 microspheres were produced by the chemical transformation of the BiOCl microspheres. Accordingly, a mechanism for the formation of the electronic chips like BiOCl/Bi 2 S 3 heterostructures and the rod bunches like Bi 2 S 3 microstructures is proposed. First, BiOCl plates are formed, and subsequently, while S 2− ions originate from the sulfur source within the reaction. A layer of interconnected network consisting of primary Bi 2 S 3 particles was formed around the exterior surface of the BiOCl plates as long as they were surrounded by the reactant S 2− ions with an adequate concentration. Then the network developed due to the coupled reaction-diffusion process. The formation of final Bi 2 S 3 structure depended on the inward S 2− ion diffusion rate relative to the outward Bi 3+ ion diffusion rate and the composite BiOCl/Bi 2 S 3 structures could result from the much higher inward diffusion rate of the S 2− ions and continue to the complete chemical transformation of BiOCl to Bi 2 S 3 with the continuous increment of reaction duration, similar to the reported formation of Ag rhombdodecahedral microparticles [45, 46] .
Under the irradiation of visible light, the electron-hole pairs are produced and a series of photo-induced reactive species, including h
2− , directly take part in the photo-catalytic oxidation process [47, 48] , as shown in Equations 4-7. According to the earlier report [41] 
RhB + O (h , OH) products.
• 2 + •
Then the carriers transfer to the catalyst surface to react with the adsorbed reactants and the migration direction of the photo-generated charge carriers is dependent on the relative band edge positions of the two components in composite photo-catalysts [49] .
Based on the band gap structure of BiOCl/Bi 2 S 3 heterostructure composite, a possible enhancement mechanism for the photo-catalyst activity of BiOCl/Bi 2 S 3 heterostructure photo-catalyst is proposed (Fig. 9) . Under visible-light (λ>400 nm), Bi 2 S 3 with narrow E g will be activated while BiOCl with large E g will be not. [41] . Thus the recombination rate of photo-generated electrons and holes was decreased largely. The BiOCl/ Bi 2 S 3 hetero-structures exhibit more excellent photo-catalytic properties than those of single Bi 2 S 3 , BiOCl and commercially available P25 powder.
Besides the above described reasons, proving the superior photocatalytic degradation of BiOCl/Bi 2 S 3 heterostructure composite (C3), it is also worth estimating the amount of active species taking part in the photocatalytic reaction. Since, during the photo-oxidation reaction, the photo-induced holes in the VB react with surface-adsorbed water to produce hydroxyl radicals ( • OH) [50] . That is why, the photo-generated holes or the formed • OH radicals are considered as the two-main species to oxidize the organic dyes in the aqueous solution [50] . During the radical detection experiments, it has been seen that, the • OH radicals react with TA to form 2-hydroxyl terephthalic acid (TAOH), which exhibits a characteristic fluorescence peak around 426 nm (Fig. 10) and is used as indirect evidence to monitor the amount of • OH radicals [51] . For each experiment, the fluorescence peak gradually increases with an increase in irradiation ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   108 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . time which is evidence of the formation of hydroxyl radicals. Fig. 10a, b shows that a few • OH radicals formed in 50 min for the case of the as synthesized singlet Bi 2 S 3 and BiOCl, hence it took a longer time to decompose the dye which is in good agreement with the photocatalytic activity of single Bi 2 S 3 and BiOCl (Fig. 6) . From Fig. 10c , it can be examined that the maximum • OH radicals were formed when the BiOCl/Bi 2 S 3 hetero-structure composite (C3) was used in the TAOH solution (Fig. 10c) , suggesting the excellent capability of BiOCl/Bi 2 S 3 heterostructure composite (C3) for decomposing MO. Fig. 10d indicates the comparison of the amount of TAOH generated after an irradiation of 50 min regarding each of the three as synthesized photocatalytic samples.
CONCLUSIONS
In summary, we have successfully fabricated uniform and BiOCl/Bi 2 S 3 hetero-structures through a solvothermal route. The hetero-structures were evaluated as photocatalysts for the degradation of MO under visible light irradiation. It has been found that photo-catalytic efficiency of the BiOCl/Bi 2 S 3 hetero-structures is significantly enhanced, attributed to the efficient separation of the recombination of electron-hole pairs. Furthermore, these atypical architectures were simply synthesized using inexpensive precursors through a facile template-free method which gives a great promise for large scale production without further treatment to remove the template via strong acids. The morphology of the ECs-like BiOCl/ Bi 2 S 3 hetero-structures can easily be tailored by making a slight change in the mentioned procedure that emphasizes the generalization of the devised synthesis method. Overall, the study is quite helpful for the design of new, unique, atypical and homogeneous photo-catalysts with enhanced photo-catalytic performances within the visible range of light.
